ABSTRACT: Nerve conduction studies play an important role in clinical practice and research. Given their widespread use, reliability of tests merits careful attention. We assessed interexaminer and intraexaminer reliability of median and ulnar sensory nerve measures of amplitude, onset latency, and peak latency. In a two-phase cross-sectional study, two examiners tested 158 workers. Reliability was assessed with intraclass correlations (ICC) and kappa statistics. Median nerve measures were more reliable (ICC range, 0.76 to 0.92) than ulnar measures (ICC range, 0.22 to 0.85). Ulnar-onset latencies had the worst reliability. The median-ulnar peak latency difference was a particularly stable measure (ICC range, 0.79 to 0.92). The medianulnar peak latency difference had high interexaminer reliability ( range, 0.71 to 0.79) for normal tests defined by cut points of 0.8 ms and 0.5 ms. Intraexaminer reliability was higher with the 0.8-ms cut point ( = 0.90 and = 0.85 for examiners 1 and 2, respectively). Rather than absolute cut points to describe normality, a more rational interpretation of results can be made with ordered categories or continuous measures.
liability among measures of conduction velocity and F-wave latency but poor reliability for amplitudes. Chaudhry et al. 7 tested the reliability of NCS in small samples of healthy subjects (n = 7) and diabetic patients (n = 6) 8 with mixed results. More recently, Bril et al. 3 found that adherence to strict protocols in core monitoring laboratories improved reliability in multicenter trials.
We are aware of no reliability assessments of NCS among a large sample of active workers, as in this study. We assessed interexaminer and intraexaminer reliability of median and ulnar sensory nerve measures of amplitude and of onset and peak latency.
METHODS
As part of a large, two-part medical survey among keyboard operators, interexaminer and intraexaminer reliability was assessed for measures of median and ulnar sensory nerves. In round 1, tests were performed on both wrists of each subject twice, once by each examiner. In round 2, 3 weeks later, tests were performed by one of the two examiners in the dominant wrist only.
Sensory conduction studies involved stimulation of the median and ulnar nerves at the wrist, recording from digits II and V, respectively. Antidromic stimulation was applied 14 cm proximal to standard ring recording electrodes, separated by a distance of 3 cm. The latency to both the initial deflection (onset latency) and negative peak (peak latency) and the amplitude of the sensory nerve action potential (SNAP) were recorded for all subjects in accordance with the guidelines outlined by the American Association of Electrodiagnostic Medicine. 1 Midpalm temperature was recorded at the beginning of testing, and subjects with cool hands were warmed to at least 32.0°C, when possible. No needle or surface electromyography was performed. (Although the distinction is sometimes blurred, needle electromyograph abnormalities are late findings in CTS. 5 ) Tests were conducted with standard techniques on Teca TD-20 (Pleasantville, New York) or Nicolet Compass (Madison, Wisconsin) equipment.
The examiners included a board-certified neurologist (JWA) and physiatrist (RAW), both of whom were also board-certified in electrodiagnostic medicine. Two electrodiagnostic technologists assisted in testing, each working under the direct supervision of one examiner. The technologists prepared the subjects, applied electrodes, and made distance and temperature measurements.
On all test occasions, examiners were masked to each other's results and results obtained in other parts of the survey. The complete medical survey included physical examination of the neck and upper extremities, self-administered questionnaires of symptoms and functional activities, and anthropometric measurements.
All subjects in the medical survey provided written informed consent that had been approved by the University of Michigan Human Subjects Review Committee. All subjects were active workers, and all aspects of the survey were performed on company time during normal work hours for each subject. No personally identifiable information was provided to the union or management.
Statistical Analysis. Initial assessment of reliability was performed with Pearson product-moment correlations as measures of association, in contrast to measures of agreement, 25 as it is known that observations may disagree sharply and yet still be highly correlated. Paired t-tests were also used to compare examiners, not as a measure of agreement, but to see whether overall, they obtained the same mean measurement. Intraclass correlation coefficients (ICC) were used as true measures of agreement between examiners. The ICC combines a measure of correlation with a test of the difference of means. 24 In addition, analyses were performed for reliability of normal ratings. We constructed two-by-two tables of the median-ulnar peak latency difference, defining normal with two cut points, 0.5 ms and 0.8 ms, respectively. Values less than the cut point were classified as normal. For the dichotomous data, reliability was assessed with the kappa statistic, 9 a measure of agreement corrected for chance, defined as:
where p observed is the observed proportion of agreement, and p expected is the expected proportion of agreement. The McNemar chi-squared statistic was used to compare proportions. Values of kappa greater than 0.75 were considered excellent; values between 0.40 and 0.75 were fair to good; and values of less than 0.40 represented poor agreement beyond chance. 15 Statistical analyses were performed using Stata Statistical Software. 30 Tests were considered statistically significant at the ␣ = 0.05 level.
Temperature Correction. Temperature is one of the most important factors explaining variation in nerve conduction and the most frequent cause of misclassification of false-positive or borderline findings. 12 Even with control of temperature within an acceptable range, it is an important covariate of latency. 29 There is a decrease in latency by 0.3 ms for every 1°C increase in temperature, 23 with an approximately linear relationship between velocity and temperature from 18°C to 36°C.
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Examiners were not assessed for reliability of skin temperature measurements. Instead, after the initial analyses were completed, a temperature correction was applied to latency measurements. Onset and peak latencies were adjusted for temperature differences according to the following formula, taking 35°C as the standard skin temperature: latency corrected = latency initial − 0.3 ms (35°C − temp°C).
Temperature correction was not applied to measurements of amplitude, as no significant change in amplitude has been reported with change in skin temperature.
13

RESULTS
One hundred sixty-one workers completed the medical survey in round 1, for a participation rate of 76%. Three weeks later, 138 subjects returned for round 2.
Interexaminer reliability was analyzed with data from 158 subjects in round 1 (three subjects' data were lost for one examiner in round 1). Four subjects declined NCS in round 2, so data from 134 subjects were available for analysis. Intraexaminer reliability was analyzed with data from 58 subjects tested by examiner 1 and 76 subjects tested by examiner 2.
The average age of subjects was 35 years (range, 20 years to 58 years). Most subjects were righthanded (91%) and women (91%). The majority of participants in the medical survey were permanent employees, with a mean of 1.4 years (range, 0.4 years to 1.6 years) of seniority. There were no statistically significant demographic differences between subjects who completed both rounds compared with those who participated in round 1 only.
Between the two examiners, 36 (22%) of the subjects studied in round 1 had abnormal sensory studies in the dominant or nondominant hand using the 0.5-ms cut point; 16 (10%) of the subjects had abnormal studies using the 0.8-ms cut point. On physical examination (n = 160), 57 (36%) subjects had positive Phalen, Tinel, or carpal compression tests. Ninety-nine (61%) respondents reported wrist, hand, or finger symptoms; 86 (53%) had numbness, burning, tingling, or pain; 39 (24%) had nocturnal symptoms; and 23 (14%) indicated classic or probable indications of CTS on a hand diagram. 17 Thirtyone (19%) subjects reported substantial decrements in functional activity.
Interexaminer Reliability. Overall, between the two examiners, median sensory nerve measures were more reliable (ICC range, 0.82 to 0.91) than ulnar measures (ICC range, 0.33 to 0.85) ( Table 1 ). Amplitude and peak latency had higher interexaminer reliability (ICC range, 0.63 to 0.91) than did onset latency (ICC range, 0.33 to 0.87). The median-ulnar peak latency difference had consistently high reliability (ICC = 0.89, dominant hand). Ulnar onset latency had the poorest reliability (ICC = 0.35, dominant hand). The pattern of ICC results was the same for measures in the nondominant hand.
As noted, it was not a study objective to assess the reliability of temperature measures. Instead, onset and peak latency measures were corrected for temperature differences (amplitudes were not adjusted). Temperature correction improved reliability of ulnar onset latency in the dominant hand (ulnar onset latency, ICC = 0.47). Reliability of ulnar peak latency decreased slightly (ICC = 0.56). Interexaminer reliability for median latency measures was still excellent (ulnar onset latency, ICC = 0.80; peak latency, ICC = 0.86). Similar results were found in the nondominant hand.
Intraexaminer Reliability. Results of intraexaminer reliability analyses showed high congruence between examiners 1 and 2 (Table 2) , with the same contrast as interexaminer results between median and ulnar nerve measures. Intraexaminer reliability was higher for median measures (ICC range, 0.76 to 0.92) than for ulnar measures (ICC range, 0.22 to 0.80). Again, measures of amplitude and peak latency had higher reliability than did onset latency. Ulnar onset latencies had the poorest reliability (ICC = 0.22 and 0.23 for examiners 1 and 2, respectively). The medianulnar peak latency difference had excellent intraexaminer reliability (ICC = 0.92 and 0.79 for examiners 1 and 2, respectively).
Intraexaminer reliability with temperature correction reflected the same pattern of higher reliability for median than ulnar measures. For examiner 1, paradoxically, temperature correction reduced reliability of median latency measures (median onset and peak latency ICC = 0.68 and ICC = 0.79) and ulnar onset latency (ICC = 0.13) but slightly improved reliability of the ulnar peak latency measure (ICC = 0.42). For examiner 2, reliability of median latency and ulnar peak latency measures were similar to results without temperature correction (median onset latency ICC = 0.72, median peak latency ICC = 0.77, ulnar onset latency ICC = 0.20), but temperature correction slightly decreased reliability for ulnar peak latency (ICC = 0.28).
Normal Rating Determinations. Two cut points, 0.5 ms and 0.8 ms, defined normal for the median-ulnar peak latency difference (Table 3) . Interexaminer reliability of the 0.8-ms cut point had slightly higher reliability ( = 0.75 and = 0.79, dominant and nondominant hands, respectively) than the 0.5-ms cut point ( = 0.71). With temperature correction, interexaminer reliability for the 0.5-ms cut point remained high ( = 0.71); interexaminer reliability for the 0.8-ms cut point was also high ( = 0.75 and = 0.72 for dominant and nondominant hands, respectively).
Intraexaminer reliability measures of examiner 1 was excellent for ratings with the 0.80-ms cut point ( = 0.90) ( Table 4 ). The 0.5-ms cut point had reduced, though still good, reliability ( = 0.52). Examiner 2 had higher reliability with the 0.8-ms cut point ( = 0.85) than the 0.5-ms cut point ( = 0.68). With temperature correction, intraexaminer reliability had similar patterns. The 0.8-ms cut point had higher reliability ( = 0.78 and = 0.79 for examiners 1 and 2, respectively) than the 0.5-ms cut point ( = 0.51 and = 0.72 for examiners 1 and 2, respectively).
DISCUSSION
In earlier assessments of NCS, reliability was mixed. In one study, seven examiners (who also served as subjects) each tested four healthy subjects on two occasions. 7 High interexaminer reliability was found for eight of 12 measures (four sensory and eight motor nerve). High intraexaminer reliability was re- ported for all measures: sural and median SNAP amplitude and conduction velocity, peroneal and median motor nerve distal latency, compound muscle action potential amplitude, conduction velocity, and the shortest F-wave latency of 10 trials. In a second study, six examiners each studied six patients with diabetic neuropathy. 8 High interexaminer reliability was reported for eight of 12 measures, with consistently lower reliability for sural SNAP and median compound muscle action potential amplitudes. High intraexaminer reliability was found for 11 of 12 measures. Although feasibility is an issue, results suggested that the same examiner perform the repeated NCS in longitudinal studies to minimize interexaminer variability.
Like the two previous studies, results of the current study were mixed, and, at times, the difference in reliability was striking. Interexaminer reliability of median sensory latency measures was excellent, but both interexaminer and intraexaminer ICCs were lower for ulnar latencies (with and without temperature correction). In addition, while interexaminer reliability of the median-ulnar peak latency difference in the dominant hand was clearly excellent, the dichotomous normal ratings were less reliable.
One reason for the difference in reliability between median and ulnar nerve activity may be due to inherent difficulties in measurement. Anatomically, the ulnar nerve is smaller than the median nerve. In consequence, the response of the ulnar nerve can have a relatively small amplitude compared with the median response, although in the present study, the mean amplitudes of the ulnar and median nerves were comparable. Also, a poorly defined takeoff of the evoked response can make it difficult to accurately identify the onset of response. Averaging was not used, although it would have increased the accuracy of determining onset latency. Because averaging was not used, the reliability of onset latency was probably underestimated. Examiner 1 had computer-generated markings for latency, whereas examiner 2 rendered manual markings. This would not influence intraexaminer reliability, but may have contributed to interexaminer variability of the median and ulnar latency measures. This apparently had minimal effect on interexaminer results, as median latencies were consistently higher than ulnar latencies.
One factor that may have influenced intraexaminer reliability was timing. As mentioned, a 3-week interval separated rounds 1 and 2 of the study. This interval was chosen, in part, to minimize the possi- Table 4 . Intraexaminer reliability in sensory studies: median-ulnar peak latency difference. bility of change in the underlying physical condition of workers and to minimize disruption of the work process. During that time, there were no modifications in job tasks. However, part of the month preceding round 1 included the busiest season of the year for the keyboard operation. The month preceding round 2 had more typical work demands. The worse intraexaminer reliability compared with interexaminer reliability suggests the possibility that nerve conditions may have been different, reducing apparent intraexaminer reliability. Furthermore, different technicians worked with the examiners between rounds 1 and 2. This could have led to differences in the positioning of the subject's hand during electrode placement and in distance measurement that may have adversely affected reliability.
Although many paired t-tests demonstrated significant statistical differences in this study, none was clinically important. For example, the paired t-test (Table 1) showed a statistically relevant difference between examiners for the median sensory onset latency, yet the means differed by only 0.1 ms, with little clinical significance.
Effect of Reliability on Diagnostic Criteria. A key question was how examiner differences affected assessment of electrodiagnostic abnormality (i.e., Would examiner 1 rate a subject "normal" where Examiner 2 would rate the subject "abnormal"?). To explore this, we used two cut points for the medianulnar peak latency difference: 0.5 ms and 0.8 ms. The conventional normal cut point for the medianulnar peak latency difference is 0.4 to 0.5 ms, to avoid false-positive findings. 27 However, strong empirical evidence has shown that the normative value among workers is 0.8 ms, defined by the upper 95th percentile for the median-ulnar peak latency difference in the dominant hand. 29 Results from this study showed that classification into normal/abnormal categories amplified inconsistencies in ratings around the lower cut point of 0.5 ms for the median-ulnar peak latency difference. The higher cut point of 0.8 ms was clearly able to distinguish those with very abnormal findings. Also, there was good to excellent interexaminer agreement using the median-ulnar peak latency difference with the normal criterion of 0.8 ms ( = 0.75 on the dominant side), while interexaminer reliability was slightly lower using the 0.5-ms cut point ( = 0.71). Figure 1 provides a graphical illustration of these data in relation to the two cut points. More marked differences were seen with intraexaminer reliability. Kappa was 0.90 at the higher cut point of 0.8 ms and 0.52 at the 0.5-ms cut point for examiner 1.
For examiner 2, kappa was 0.85 at the higher cut point and 0.68 at the 0.5-ms cut point. Presumably, the 0.8-ms cut point reflected more advanced nerve dysfunction. Subjects with very abnormal responses were well above the 0.8-ms cut point.
Given the instability of the normal ratings and the higher reliability of the median-ulnar peak latency difference, a classification with more gradations (e.g., normal, equivocal, mild, or definite abnormality) or the use of the original continuous measures is indicated. This may better demonstrate the magnitude of abnormality and provide a more rational interpretation of results. Of course, appropriate normative values 29 are critical for a reasonable definition of normal within a worker population. Also, 14-cm antidromic SNAPs are often only a first step towards further electrodiagnostic studies.
Practical Considerations for Diagnosis of CTS. Nerve conduction studies have been considered the gold standard for CTS, 18 but abnormal NCS alone, without symptoms, do not define CTS. 28 Symptoms and physical findings are critical for accurate test interpretation. 21 Clinically, electrodiagnostic studies of suspected CTS that involved normal or equivocal findings for 14-cm antidromic median studies should be evaluated further with short-segment orthodromic studies.
Nerve conduction studies have false-positive rates of perhaps 23% among active workers with the most expanded symptom definition (i.e., numbness, tingling, burning, or pain in the forearm, wrist, or hands). 16 Grundberg 19 reported false-negative rates of perhaps 10%. Barnhart et al. 2 reported that NCS improved specificity of CTS classification, as opposed to case definitions using only physical examination and symptom data among workers.
Still, the significance of abnormal NCS in asymptomatic workers remains unclear. Abnormal NCS are not predictive of CTS in asymptomatic workers, and there is no justification for asymptomatic workers to receive differential treatment (i.e., work restrictions or special job placement).
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Strengths and Limitations. This study benefited from highly trained and seasoned examiners including experienced clinicians, one of whom trained the other. Reliability may be worse among clinicians who do not receive standardized training. In this context, the results are best estimates of what would be found between two experienced examiners with extended training in a common methodology. As noted, strict adherence to protocols improves the reliability of results. 3 Paradoxically, the strength of this study also limits its generalizability, as it is subject to potential bias due to the number of examiners (n = 2), testing two nerves (median and ulnar) and only 14-cm segments (no short-segment orthodromic SNAPs). With the high proportion of women in the study, the results may not apply to men, although we are unaware of any data to suggest differential reliability of electrodiagnostic measurements by gender. Also, given the research design in the work setting, practical considerations restricted the extent of testing. In addition, a measurement issue arises, statistically, with the small proportion of abnormal studies (between 10% and 20%). This report from a field study of active workers represents a worst-case scenario. One would expect better reliability in a clinical setting among subjects with a larger spectrum, or range, of findings, and more severe morbidity.
